In neurons, the endosomal system is essential for membrane receptor trafficking to dendrites and axons and thereby participates in various neuronal functions, such as neurite outgrowth and synaptic plasticity. A multitude of regulators coordinates trafficking through endosomes, but most of them have not been studied in detail in neurons. In non-neuronal cells, EHD1 (Eps15 homology-domain containing protein 1) functions in the recycling endosome and is required for endosome-to-plasma membrane transport of multiple cargos. In this study, we analyze the role of EHD1 in neurons. In particular, we investigate whether EHD1 is required for polarized trafficking of the dendritically targeted transferrin and the axonal adhesion molecule L1/NgCAM (neuron-glia cell adhesion molecule) and, if so, in what compartment it is required. We find that endosomal recycling of both L1/NgCAM and transferrin is impaired when EHD1 is downregulated. We show that EHD1 colocalizes with L1/NgCAM and transferrin mostly in EEA1 (early endosome antigen 1)-positive early endosomes and less extensively with recycling endosomes. Using live imaging, we observe that EHD1 is stably associated with endosomal membranes during their maturation into EEA1-positive compartments and often persists on them longer than EEA1. Finally, we show that downregulation of EHD1 causes a delay of L1/NgCAM in exiting EEA1-positive endosomes, resulting in impaired targeting of L1/NgCAM to the axonal membrane. We conclude that, in neurons, EHD1 functions in early endosomes rather than (or possibly in addition to) recycling endosomes. These findings point to the existence of neuronal adaptations of the endosomal system.
Introduction
Neuronal polarity requires that proteins are spatially segregated to axonal and somatodendritic domains. One of the mechanisms underlying compartmentalization of the plasma membrane is endocytosis (Lasiecka et al., 2009) . Understanding the neuronal endosomal system is crucial given the multitude of processes in which endocytosis plays a role: neurotrophic signaling, degradation of proteins, axonal pathfinding, synaptic vesicle recycling, synaptic plasticity, and more.
In non-neuronal cells, the endosomal system consists of a series of heterogeneous organelles, namely early, recycling, and late endosomes, and lysosomes. The identity of endosomes is ensured by the specific localization of regulators. Live imaging demonstrated that endosomes are dynamic (Rink et al., 2005; Lakadamyali et al., 2006; Zoncu et al., 2009) , so the challenge is to define compartmental boundaries and cargo flux between compartments. Endosomes in neurons are not well characterized. The most studied neuronal endosomes are those involved in synaptic vesicle recycling, retrograde transport of neurotrophins, and recycling AMPA receptors (for review, see Howe and Mobley, 2004; Kennedy and Ehlers, 2006; Schweizer and Ryan, 2006) , but many questions remain even there. For all other sites and cargos, little is known.
L1 [and its chick homolog NgCAM (neuron-glia cell adhesion molecule)] is a cell adhesion molecule highly enriched on the axon. L1/NgCAM is involved in axonal pathfinding, branching, and myelination (Maness and Schachner, 2007) . L1 endocytosis is required for growth cone advance on L1 substrate (Kamiguchi and Lemmon, 2000) . Our laboratory has demonstrated that endosomal trafficking is also required to target L1/NgCAM properly to the axon. L1/NgCAM reaches the axon indirectly by transcytosis, involving initial somatodendritic targeting followed by endocytosis and trafficking to the axon from somatodendritic endosomes (Wisco et al., 2003; Yap et al., 2008a,b) .
The EHD (Eps15 homology-domain containing protein) family, comprising EHD1-EHD4, plays crucial roles in endosomal trafficking in non-neuronal cells. Structural studies of EHD2 indicate that oligomers of EHD2 bind to lipids and deform them into tubules (Daumke et al., 2007) , suggesting similarities with dynamin. EHD proteins also associate with preexisting tubules (Jović et al., 2009; Sharma et al., 2009 ). EHD1 can localize to recycling endosomes and also to early endosomes (Lin et al., 2001; Naslavsky et al., 2006; Blume et al., 2007; George et al., 2007) . Its functions, however, have been primarily associated with the recycling endosome in nonpolarized cells based on downregulation of EHD1, expression of dominantnegative EHD1 (Grant and Caplan, 2008) , and analysis of transferrin (Tfn) recycling in fibroblasts derived from EHD1-deficient mice (Rapaport et al., 2006) . Dominant-negative EHD1 also delays AMPA receptor and transferrin recycling in neurons (Park et al., 2004) , but the effects of downregulation of EHD1 and its site of action in neurons have not been characterized.
Recently, we found that downregulation of EHD1 impaired NgCAM targeting to the axon. It also led to increased accumulation of NgCAM in somatodendritic endosomes, potentially resulting from missorting during recycling (Yap et al., 2010) . Here we analyze the identity and dynamics of EHD1-positive endosomes in neurons and determine in which compartments trafficking is impaired when EHD1 is downregulated.
Materials and Methods

Cell culture
Primary cultures of hippocampal neurons were obtained from embryonic day 18 rat hippocampi as described (Yap et al., 2008b) . Cells were plated on poly-L-lysine coverslips and incubated with DMEM with 10% horse serum. After 4 h, the cells were transferred into serum-free medium supplemented with B27 (Invitrogen) and cultured for 9 -12 d in vitro.
Reagents
The 8D9 anti-NgCAM hybridoma was obtained from National Institutes of Health Hybridoma Bank. Tissue culture supernatants were concentrated over a T-gel column (Thermo Fisher Scientific). Purified IgGs were coupled to Alexa Fluor-488 according to the instructions of the manufacturer (Invitrogen). Rabbit anti-Flag antibodies were purchased from Sigma, whereas mouse anti-EEA1 (early endosome antigen 1) antibody was from BD Biosciences Transduction Laboratories. FITC, cyanine 3, DyLight488, and DyLight649 rat transferrin were obtained from Jackson ImmunoResearch. Polyclonal antibody against NEEP21 (neuron-enriched endosomal protein 21 kDa) was raised using a peptide containing amino acids 7-23 of NEEP21 (Open Biosystems). Anti-NEEP21 antibody and NEEP21-green fluorescent protein (GFP) plasmid were described previously by Steiner et al. (2002) . Anti-lgp120 rabbit antiserum "Mingus" was a gift from Dr. Ira Mellman (Genentech, South San Francisco, CA). Anti-myc antibodies were purchased from Santa Cruz Biotechnology. Affinity-purified anti-EHD1 antibodies were described previously (Caplan et al., 2002; Naslavsky et al., 2006 Naslavsky et al., , 2009 Sharma et al., 2008) . Secondary antibody reagents were obtained from Invitrogen. Rat L1-myc was provided by Dr. D. Felsenfeld (Mount Sinai School of Medicine, New York, NY). GFP-EEA1 plasmid was kindly provided by Dr. Silvia Corvera (University of Massachusetts Medical School, Worchester, MA). Rab11-GFP plasmid was a gift from Dr. Ira Mellman. FLAG-EHD1 was kindly provided by Dr. Barth Grant (Rutgers University, Piscataway, NJ). mCherry-EHD1 was generated by subcloning mouse EHD1 into pCherry-C1 vector at BamHI and HindIII sites. NgCAM cDNA was described previously (Yap et al., 2008a,b) .
Short hairpin RNA plasmids
To specifically knockdown the EHD1 protein expression, we used short hairpin RNA (shRNA) targeting the rat EHD1 sequences obtained from Super Array Bioscience. The shRNAs were expressed from the U1 promoter cassette of pGeneclip hMGFP vector containing GFP under the regulation of the cytomegalovirus promoter. The sequences of the two short hairpin RNA targeting the rat EHD1 were as follows: shEHD1 #1, GCC CAC CTA TGA TGA GAT CTT; shEHD1 #2, AAG GAG ATG CCC AAT GTC TTT. The scrambled sequence used as a control (shRandom) was GGA ATC TCA TTC GAT GCA TAC. For quantification and specificity of downregulation, see Yap et al. (2010) .
Transfection of neuronal cultures
Neuronal cultures at 9 -12 d in vitro were transfected using Lipofectamine2000 with 1 g of DNA, 3 l of Lipofectamine2000 for 60 -90 min, washed, and incubated for 18 -24 h or 4 d depending on experiment. To reduce the number of overexpressing cells, plasmids were mixed with empty plasmid containing no insert.
Immunofluorescence
Cells were fixed in 2% paraformaldehyde/3% sucrose/PBS in 50% conditioned medium at room temperature for 20 min. The fixation conditions used do not introduce holes into the overwhelming majority of cells. Coverslips were then blocked in 5% horse serum/1% BSA/PBS for 30 min. Antibodies were diluted in 1% BSA/PBS and incubated for 1-2 h. Coverslips were mounted in Vectashield (Vector Laboratories) and viewed on a Carl Zeiss Axiovert 200 with a 40ϫ objective. Images were captured with the Orca cooled CCD camera (Hamamatsu) using Openlab software (ImproVision) and processed identically in Adobe Photoshop (Adobe Systems).
Endocytosis assay
Neurons expressing NgCAM for 18 h or 4 d (for EHD1 downregulation experiments) were incubated with 8D9 anti-NgCAM antibodies for 20 min at 37°C and washed several times, and all antibody remaining on the surface was stripped by treatment with pH 2.0 MEM for 2 min (Fourgeaud et al., 2003) , washed extensively, and returned to the incubator for various amounts of times before fixation in 2% paraformaldehyde/3%sucrose/PBS, pH 7.4. Internalized NgCAM antibody was detected by applying Alexa Fluor-568 goat anti-mouse antibody after permeabilization. Permeabilization was achieved with either 0.05% saponin or 0.2% Triton X-100 for 10 min at room temperature as in the study by Wisco et al. (2003) .
Live imaging
For live imaging, cells were grown on 25-mm-diameter round coverslips (Bellco Biotechnology) or 35 mm glass-bottom microwell dishes (MatTek Corporation). For dual live imaging of endocytosed NgCAM and Cherry-EHD1, cells were transfected with NgCAM and Cherry-EHD1 plasmids. At 24 h after transfection, cells were incubated with Alexa Fluor-488-coupled anti-NgCAM antibody for 30 min, washed, and mounted in a live imaging chamber on a heated stage under 5% CO 2 . For dual imaging of endocytosed transferrin and Cherry-EHD1, cells were transfected with Cherry-EHD1 and, after 24 h, incubated with DyLight488 transferrin for 1 h. For dual live imaging of Cherry-EHD1 and endosomal regulators, cells were transfected with Cherry-EHD1 and either GFP-EEA1 or NEEP21-GFP or rab11-GFP and imaged 24 h later. Single and dual live imaging was performed on a Carl Zeiss Axiovert using 63ϫ or 100ϫ PlanApo oil lenses and Hamamatsu C9100-13 camera. For double live imaging, images from the two channels were taken sequentially at every time point as fast as the camera allowed. To avoid offset between the two channels attributable to fast motion artifacts, the shortest possible exposure times were used (usually 50 -100 ms). For triple live imaging of Cherry-EHD1, NgCAM and transferrin cells were transfected with Cherry-EHD1 and NgCAM. At 24 h after transfection, cells were incubated with DyLight649 transferrin for 1 h and Alexa Fluor-488-coupled anti-NgCAM antibody for 30 min. Cells were subsequently washed, mounted on a heated stage, and imaged. Triple live imaging was performed on Leica SP5 X confocal microscope using 60ϫ PlanApo water objective and white-light laser, with between lines sequential scanning mode. Only cells expressing low or moderate amounts of proteins were chosen for imaging to minimize overexpression artifacts. Cells in which the overexpressed protein localized abnormally, changed compartment morphology, or changed cell morphology were not used for live imaging. Expression levels of transfected proteins were compared, and, if necessary, plasmid concentration was adjusted to equalize expression.
Image quantification and analysis
For quantifying colocalization of NgCAM or L1-myc with EEA1, lgp120 and NEEP21 in 10 -25 fixed cells were analyzed per condition.
L1-myc and EEA1. Anti-myc antibody was allowed to endocytose for 20 min, unbound antibody was washed away, and internalized antibody was chased for 90 min before fixation and immunostaining. Images were taken at identical exposure settings and processed identically. Thresholds were set for each channel in Adobe Photoshop to exclude background staining, channels were merged, and overlapping endosomes were counted in each cell.
NgCAM and lgp120. Anti-NgCAM antibody was allowed to endocytose for 20 min, internalized antibody was chased for 90 min, and surface-remaining antibodies were stripped before fixation and immunostaining. Both channels were thresholded in Adobe Photoshop, and total overlapping pixels were determined in NIH Image J and divided by the total number of NgCAM-positive pixels in the soma.
NgCAM and NEEP21. Anti-NgCAM antibody was allowed to endocytose for 20 min, and surface-remaining antibodies were stripped before fixation and immunostaining. Both channels were thresholded in Adobe Photoshop, and endosomes containing both markers were counted in dendrites. The soma was excluded from analysis because NEEP21 is also expressed in the trans-Golgi network. Statistical tests were performed using SPSS version 13 statistics software or GraphPad Prism (GraphPad Software).
Live imaging. For colocalization analysis of live imaging data, timelapse sequences were saved as Volocity files, later exported, and further analyzed in NIH ImageJ. Raw regions of interest from thin dendrites were aligned vertically and bleach corrected (NIH ImageJ plugin using bleach correction optimal fitting). Kymographs were prepared using NIH ImageJ functions: "Reslice" using Z-spacing (pixels) ϭ 1 and "Z-project" using projection-type SD. Kymographs represent a spatial position of the vesicles over time in which y-axis represents time. Therefore, vertical Figure 1 . EHD1 colocalizes with endocytosed NgCAM and transferrin and is important for transferrin recycling. A, Neurons coexpressing FLAG-EHD1 (cyan) and NgCAM (red) were allowed to endocytose anti-NgCAM antibodies for 20 min before fixation. Endocytosed NgCAM was detected with a secondary antibody, whereas FLAG-EHD1 was detected with anti-FLAG rabbit antibody. Single channels as well as overlaid channels (colocalization appears white) are shown for the soma region and part of a dendrite. Scale bar, 10 m. A, Representative intensity line scan of FLAG-EHD1 (cyan) and NgCAM (red) along a dendrite is shown. Endosomes correspond to the peaks on the trace. Overlapping peaks for FLAG-EHD1 and NgCAM indicate colocalization of both markers. B, Neurons expressing FLAG-EHD1 (cyan) were allowed to endocytose FITC rat transferrin (red) for 1 h before fixation. FLAG-EHD1 was detected with anti-FLAG rabbit antibody. B, Representative intensity line scan of FLAG-EHD1 (cyan) and transferrin (red) along the dendrite is shown. Precisely coaligned peaks are marked with arrowheads. Peaks with lateral offset are marked with arrows. C, Untransfected neurons or neurons transfected with either shEHD1 #1-GFP or shEHD1 #2-GFP or shRandom-GFP were allowed to uptake cyanine 3 rat transferrin for 1 h. D, Untransfected neurons (clear rhombus) or neurons transfected with either shEHD1 #1 (blue triangle) or shEHD1 #2 (blue square) or shRandom (clear circle) were allowed to uptake cyanine 3 rat transferrin for 1 h, then unbound transferrin was washed out, and bound transferrin was chased for 0, 27, and 40 min. Percentage of transferrin retained in soma was measured and normalized to t (0) . Statistics were performed using Student's t test. *p Ͻ 0.01, **p Ͻ 0.0001. Error bars indicate SEM. AU, Arbitrary units.
lines are stationary vesicles, and diagonal full or dotted lines with various angles are motile vesicles of various speeds. Speed/distance measurements were performed on kymographs. For intensity changes quantifications, kymographs were prepared using maximum intensity projection. Changes in fluorescence intensity were measured using NIH ImageJ measurement of pixel intensity along 1-pixelwide line along the vesicle trace on the kymograph. To calculate percentage changes in fluorescence intensity during duration of the time lapse, the average of the first five frames and the last five frames were used. Intensity changes were scored as positive if the fluorescence intensity at the end of the time lapse changed by Ͼ16%. Graphs were prepared in GraphPad Prism and Microsoft Excel, and final figures were prepared in Adobe Photoshop.
Results
EHD1 colocalizes with internalized NgCAM and transferrin in neurons
Recently, a EHD1 knock-out mouse lacking all EHD1 expression was generated. This EHD1 Ϫ/Ϫ mouse shows severe fertility and eye defects , but the brain was not analyzed. We showed previously that expression of short hairpininterfering plasmids against EHD1 caused missorting of NgCAM to the somatodendritic surface and increased the accumulation of NgCAM in somatodendritic endosomes (Yap et al., 2010) . Using affinitypurified antibodies specific to EHD1 (Sharma et al., 2008) , we showed that endogenous EHD1 in neurons was found in presumptive endosomes and in the nucleus (Sharma et al., 2009) . These antibodies were difficult to produce and showed only faint staining in neurons. However, the overall staining pattern was consistent with EHD1 distribution in non-neuronal cells, with the exception of the nuclear staining. Strikingly, we did not observe staining of tubules, which are often observed in non-neuronal cells (Yap et al., 2010) . Because the endosomal staining of endogenous EHD1 is similar to the staining obtained with tagged EHD1, we used FLAG-EHD1 for all additional studies.
We first tested whether EHD1 colocalized with internalized NgCAM in the somatodendritic domain. After 20 min of antiNgCAM antibody uptake, internalized NgCAM (shown in red) significantly overlapped with FLAG-EHD1 (cyan) staining ( Fig. 1 A, arrowheads and arrows). The overlap of internalized NgCAM and FLAG-EHD1 can be visualized with fluorescence intensity scans along the dendrites. Multiple overlapping fluorescence intensity peaks of FLAG-EHD1 (cyan) and internalized NgCAM (red) could be seen (Fig. 1 AЈ) . When colocalization was quantified, 45% of labeled endosomes costained for FLAG-EHD1 and endocytosed NgCAM (n ϭ 496 endosomes). We note that some of the colocalizing compartments show an apparent lateral offset between NgCAM and FLAG-EHD1 ( Fig. 1 A, AЈ, arrows). These kinds of images are reminiscent of laterally offset profiles (Miaczynska and Zerial, 2002) we noticed previously with NgCAM and transferrin (Yap et al., 2008b) . To determine whether EHD1 also colocalized with the somatodendritically recycling cargo Tfn, we expressed FLAG-EHD1 and performed FITC-transferrin uptake. Internalized transferrin (red) significantly colocalized with FLAG-EHD1 (cyan) after 1 h of continuous uptake (45% colocalization, n ϭ 571 endosomes) (Fig. 1B , arrowheads and arrows, BЈ). Therefore, both somatodendritically and axonally targeted cargos endocytosed into EHD1-positive endosomal compartments in the somatodendritic domain.
Downregulation of EHD1 delays transferrin recycling in neurons
EHD1 downregulation caused accumulation of NgCAM in endosomes (Yap et al., 2010) . We asked whether downregulation of EHD1 also had an effect on recycling of another cargo in neurons, namely somatodendritically recycling transferrin. Neither of two shEHD1 constructs [shEHD1#1 and shEHD1#2 (for details, see Yap et al., 2010) ] significantly affected steady-state transferrin loading into endosomes after 20 min (data not shown) or 60 min ( Fig. 1C ) of incubation. When recycling of preloaded Tfn was measured, higher levels of transferrin remained in endosomes at 27 and 40 min of chase time (Fig. 1 D) . Downregulation of EHD1, thus, caused a delay in transferrin recycling. EHD1-positive endosomal compartments in neurons are dynamic Because EHD1 was important for both NgCAM and transferrin recycling, we wanted to characterize the endosomal population, with which EHD1 was associated in neurons. We therefore examined the dynamic behavior of EHD1-positive endosomal compartments. Neurons were transfected with Cherry-EHD1, and live imaging was performed in dendrites. For our analysis, we chose only the low expressing cells that did not show changes in dendritic morphology (Park et al., 2004) .
The Cherry-EHD1-positive compartments in dendrites resembled the compartments stained with antibodies and were mostly round (94%) rather than tubular (Fig. 2 A-C) . Time-lapse imaging revealed that the vast majority of Cherry-EHD1 compartments (n ϭ 832 endosomes) were stationary during both a 1 and 10 min imaging period. However, many smaller and dimmer compartments were motile (Table 1 ). The behavior of Cherry-EHD1 compartments is best appreciated by kymographs (see Materials and Methods): stationary compartments are manifest as vertical lines (Fig. 2 A-C, arrows) and moving compartments as diagonal lines (Fig. 2 A-C, arrowheads) . Stationary compartments were of variable sizes with many appearing larger than ϳ1.5 m in diameter (Table 1) . These large, stationary compartments might correspond to single endosomes or clusters of multiple endosomes. Moving compartments were rarely of this large size. Movements of EHD1 compartments along the dendrites were often persistent over long distances, both retrograde (toward soma) and anterograde (toward the axon tip), and appeared continuous (Fig. 2 B, C, arrowheads) . Examples of individual traced movements are plotted in Figure 2 BЈ-CЈ. Motile Cherry-EHD1 compartments fell into three categories based on their speed (Table 1) . Because the moving vesicles were usually fainter than the stationary endosomes, this amount of movement was likely an underestimate because fainter movements might have been missed. The motile compartments might correspond to single motile endosomes or small clusters of vesicles that move together.
In addition to continuous anterograde and retrograde movements, we also observed other behaviors. The first were events suggestive of fusion and budding of Cherry-EHD1 compartments (Fig. 2 D-F ) . Second, the stationary compartments in the soma occasionally underwent dynamic shape changes, which included the temporary extensions of tubular domains (Fig. 2G,H ) . These tubular extensions disappeared rapidly, a result of either retraction or possibly budding of an EHD1-negative or -dim tubule. These kinds of putative tubulation events were intriguing because they are consistent with the proposed function of promoting tubule formation from liposomes observed for EHD2 (Daumke et al., 2007) . Third, a subset of stationary vesicles in dendrites underwent changes in their brightness (ϳ15% of stationary vesicles during 10 min time lapse) (Fig. 2 I) . These intensity changes could be attributable to either recruitment or dissociation of Cherry-EHD1 to/from vesicles, or fusion or budding of small Cherry-EHD1 carriers into/from stationary vesicles. Alternatively, fluorescence intensity changes of stationary vesicles could also be attributable to the movement of those vesicles out of the focal plane. The dynamic behavior of EHD1-positive endosomes thus was consistent with the notion that they were involved in sorting and trafficking of endosomal cargos (supplemental Movie 1, available at www.jneurosci.org as supplemental material).
Stationary and motile EHD1 compartments contain endocytosed cargos
Because downregulation of EHD1 affected NgCAM and transferrin recycling in somatodendritic endosomes, we asked whether internalized cargos were found in stationary EHD1 endosomes and transported in motile EHD1 endosomes. Neurons were cotransfected with Cherry-EHD1 and NgCAM for 24 h, Alexa Fluor-488 anti-NgCAM antibody was used in an endocytosis assay for 30 min, unbound antibody was washed out, and dual live imaging was performed. Endosomes were scored for movement and content of EHD1 and NgCAM (n ϭ 1092 endosomes) (Fig. 3E ). Approximately half of the stationary Cherry-EHD1 (cyan) compartments contained endocytosed NgCAM (red) after 30 min uptake (Fig. 3B, arrow, E) . However, only few motile Cherry-EHD1 compartments contained NgCAM (Fig. 3B , arrowheads, E). EHD1-positive, NgCAM-positive motile carriers mostly moved in the retrograde direction with slow and medium speeds (as defined in Table 1 ). NgCAM motile carriers devoid of detectable Cherry-EHD1 could be frequently observed, moving bidirectionally in dendrites, with mostly medium and fast speeds (Fig. 3A ,C, arrowheads). A presumptive fusion event of an EHD1-positive vesicle with an NgCAM-positive vesicle is shown in Figure 3D . Therefore, internalized NgCAM accumulated in stationary EHD1 compartments, but was mostly transported in EHD1-negative carriers. The EHD1-motile compartments might either transport different cargos or recycle EHD1 molecules.
We then analyzed the extent of dynamic colocalization of EHD1 with internalized transferrin. Cells were transfected with Cherry-EHD1 for 24 h and then incubated for 1 h with DyLight488 -transferrin, followed by washing out unbound transferrin and dual live imaging (Fig. 3F-I ). Endosomes were scored for movement and content of EHD1 and Tfn (n ϭ 556) (Fig. 3J) . Approximately half of all stationary Cherry-EHD1 compartments contained internalized Tfn (red in Fig. 3H,I, arrows, J) . Interestingly, 27% of motile EHD1 carriers contained Tfn (Fig. 3G-I, arrowheads, J) . Motile carriers containing transferrin but devoid of detectable EHD1 could also be observed (Fig. 3F,G, arrowheads) . Therefore, internalized transferrin and NgCAM accumulated in stationary EHD1 compartments, but, in contrast to NgCAM, transferrin was also frequently observed in EHD1-positive motile carriers (supplemental Movies 2, 3, available at www.jneurosci.org as supplemental material). Last, we determined whether Tfn and NgCAM can colocalize in stationary EHD1-positive endosomes by performing triple live imaging with DyLight649 -Tfn, Alexa Fluor-488 -anti-NgCAM antibody, and Cherry-EHD1 (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). We find that Tfn is much more dynamic than NgCAM and remains for a shorter time in many endosomes. This is consistent with the much shorter half-life of Tfn recycling compared with NgCAM. We are able to observe stationary endosomes (marked by EHD1 throughout the time course of the live imaging) that contain endocytosed NgCAM and endocytosed Tfn. Tfn is sometimes not present for the entire time course but colocalizes with NgCAM and EHD1 for at least part of the time (supplemental Fig. 1A ,B, arrows, available at www.jneurosci.org as supplemental material).
EHD1 localizes prominently to EEA1-positive early endosomes in neurons
To determine which endosomal compartments contained EHD1 in neurons, we costained neurons with either EEA1 (a common early endosomal marker), NEEP21 (a neuronal-specific early endosomal marker), or rab11 (a recycling endosomal marker) (Fig.  4 A-C) . Many antibodies against endosomal markers (rabs, EHD1 proteins) are not well suited for immunofluorescence in neurons. We therefore expressed low levels of tagged rab11 and EHD1 for colocalization studies. Again, only cells with very low expression levels of FLAG-EHD1 and rab11-GFP were used for analysis. FLAG-EHD1 (red) colocalized well with endogenous EEA1 in a large majority of EEA1 compartments (shown in cyan) (72% colocalization, n ϭ 576 endosomes) (Fig. 4 A, arrowheads,  AЈ) . Attempts at determining the extent of colocalization of endogenous EHD1 with EEA1 were unsuccessful as a result of the faint and poor quality of the staining. The colocalization of FLAG-EHD1 with the neuronal-specific early endosome marker NEEP21 (cyan) was partial (45% colocalization, n ϭ 377 endosomes), and only occasionally was precise overlap observed (Fig.  4 B, arrowheads, BЈ) .
Because in non-neuronal cells EHD1 regulates exit of cargo from recycling endosomes, we examined the colocalization of EHD1 with rab11. Endogenous rab11 staining was diffuse and did not resemble transferrin staining. We therefore did not trust the staining we obtained with commercially available antibodies in neurons. Instead, we performed staining of cells expressing low levels of FLAG-EHD1 and rab11-GFP. Rab11-GFP was enriched in the perinuclear area and localized to both round and tubular compartments, closely resembling the recycling compartments into which transferrin is internalized. FLAG-EHD1 (red) showed some overlap with rab11-GFP (cyan), but again the colocalization was only partial (38% colocalization, n ϭ 985 endosomes) (Fig. 4C, arrowheads, CЈ) . Therefore, FLAG-EHD1 in neurons was found mostly on early endosomes, in particular EEA1-positive endosomes.
Dynamic colocalization of EHD1 with rab11-and NEEP21-positive endosomes
Our colocalization studies indicated that EHD1 only partially colocalized with rab11 and NEEP21 in neurons. However, the incomplete colocalization could reflect the dynamic state of vesicles, with . EHD1 localizes prominently to EEA1-positive early endosomes in neurons. A, Neurons were transfected with FLAG-EHD1 (red) and stained for endogenous EEA1 (cyan) (colocalization appears white; arrowheads). Single channels as well as overlaid channels are shown for the somatodendritic region and a part of dendrite. A, Representative intensity line scans of FLAG-EHD1 and EEA1 are shown for part of a dendrite. Overlapping peaks for FLAG-EHD1 (red) and EEA1 (cyan) are visible. B, Neurons were transfected with FLAG-EHD1 and stained for endogenous NEEP21. B, Representative intensity line scans of FLAG-EHD1 and NEEP21 are shown for a piece of dendrite. C, Neurons were cotransfected with FLAG-EHD1 and rab11-GFP. C, Representative intensity line scans of FLAG-EHD1 and rab11-GFP are shown for a piece of dendrite. AU, Arbitrary units. rapid fusion and budding events resulting in only partial colocalization at any given time point. In fact, in non-neuronal cells, in which EHD1 showed a high level of colocalization with the rab11 effector rab11-FIP2 , EHD1-DsRed transiently colocalized with rab11-GFP during time-lapse imaging (George et al., 2007) , indicating that rab11 and EHD1 colocalization was dynamic. It was also possible that some of the motile EHD1 compartments might not be well preserved in fixed cells, but high colocalization with NEEP21 or rab11 might be detected by live imaging. Therefore, we performed live cell imaging of Cherry-EHD1 (cyan) with either rab11-GFP (red) (Fig. 5A-D) or NEEP21-GFP (supplemental Fig. 2A-D , available at www. jneurosci.org as supplemental material). Motile EHD1-positive carriers rarely contained rab11 (10%) or NEEP21 (13%) ( The dynamic colocalization of EHD1 with rab11 differed significantly from that of EHD1 and NEEP21 in that some rab11 fluorescence overlapped dynamically with EHD1-positive endosomes only for part of the time lapse imaging (see an example in Fig. 5B and quantification in D, "transient overlap"). Twelve percent of all EHD1-positive stationary vesicles showed dynamic, transient colocalization with rab11-GFP during a 1 min time lapse (Fig. 5D) (n ϭ 436 endosomes) . The transient nature of the colocalization appeared to be attributable to rapidly moving rab11 vesicles stopping at or fusing with stationary EHD endosomes and then moving on or budding out. It is also possible that rab11 was recruited from a soluble pool transiently onto EHD1 compartments before dissociating again. Live imaging therefore revealed that there was a pool of rab11, which transiently colocalized with EHD1, possibly as a result of rapid budding and fusion of motile rab11-positive carriers from stationary EHD1-positive compartments, but overall the two markers behaved strikingly differently.
Dynamic colocalization of EHD1-and EEA1-positive early endosomes
Next, we analyzed the dynamic colocalization of EHD1 and EEA1. Live imaging was performed in neurons coexpressing Cherry-EHD1 (cyan) and GFP-EEA1 (red) (Fig. 6) . Stationary EHD1-positive compartments highly colocalized with EEA1 (65%; n ϭ 357 endosomes), in agreement with fixed staining (Fig. 6 A-D, arrows, F ) , whereas moving EHD1 vesicles contained EEA1 to a lesser extent (21%) (Fig. 6 A, B,D, arrowheads,  F ) . On occasion, we observed apparent fusion events between EEA1-positive and EHD1-positive vesicles (Fig. 6 E) . Interestingly, colocalization between EEA1 and EHD1 was even more striking when determined from the perspective of EEA1 (Fig.  6G) . However, there was a population of stationary and motile EHD1-positive compartments that did not contain EEA1, presumably either recycling endosomes or neuronal-specific early endosomal compartments (NEEP21-positive). Colocalization of Cherry-EHD1 (cyan) with GFP-EEA1 (red) was rarely observed in non-neuronal cells found in the cultures, suggesting that the high colocalization of Cherry-EHD1 and GFP-EEA1 was not the result of exogenous expression of those proteins but that the high colocalization of EHD1 with EEA1-positive compartments was specific to neuronal cells (supplemental Fig. 3 , available at www. jneurosci.org as supplemental material).
EHD1 protein, similarly to EEA1 and rab proteins, is a membrane-associated molecule that can be recruited from the cytosol to the endosomal membrane (Grant and Caplan, 2008) . Based on our localization data, we asked whether EHD1 might be recruited to EEA1-positive endosomes. EEA1 might then dissociate as the compartment matures to a recycling endosome still containing EHD1. To investigate this possibility, we analyzed the fluorescence intensity of stationary or slowly moving endosomes that were positive for both EEA1 and EHD1 at some point during 1 and 10 min of time-lapse imaging (n ϭ 100 endosomes) ( Table  2 ). The most frequent events were endosomes that did not undergo any significant changes in EHD1 and EEA1 intensity during the time lapse (36%) (Fig. 6 H) . The next most frequently observed events were endosomes, which maintained constant EHD1 intensity while EEA1 intensity diminished (31%) (Fig. 6 I) . Less frequently, we observed endosomes with constant EHD1 intensity but increase in EEA1 intensity (8%) or decrease in EHD1 intensity but constant EEA1 intensity (9%) (Fig. 6 J) . Finally, there was a pool of vesicles that showed loss of both markers (7%). In these cases, we cannot rule out that the vesicles moved out of the focal plane during the time course of the live imaging. Overall, EEA1 fluorescence intensity changed more rapidly and more often than EHD1 intensity. EEA1 intensity changed in 53 of 100 endosomes (14 endosomes increased EEA1 and 39 decreased EEA1), whereas EHD1 intensity changed in 25 of 100 endosomes (6 increased EHD1, 19 decreased EHD1).
We conclude that EHD1 is associated with the endosomal membrane for a longer duration than EEA1: EHD1 was often present on compartments before the appearance of EEA1 and persisted on endosomes after EEA1 intensity diminished. Less frequently, EHD1 was lost from EHD1-EEA1 double-positive compartments (supplemental Movie 4, available at www. jneurosci.org as supplemental material).
Downregulation of EHD1 affects L1/NgCAM trafficking through early endosomal compartments
Both the staining of fixed cells and the live imaging raised the hypothesis that the primary site of EHD1 function in neurons was the EEA1-positive early endosome rather than the recycling endosome. To establish where along the endosomal pathway EHD1 function was required, we determined in which compartments L1/NgCAM accumulated when EHD1 was downregulated.
To this end, we cotransfected neurons with L1-myc and either shEHD1 or shRandom plasmids. Then we performed anti-myc antibody uptake for 20 min, washed out unbound antibody, and chased internalized L1-myc for 90 min. We fixed cells and stained endogenous EEA1 (cyan) and internalized L1-myc (red) (Fig. 7A) . In cells expressing shRandom-GFP, colocalization of internalized L1-myc with EEA1 was low after a 90 min chase, as expected (Fig. 7A, arrowheads, AЈ) . In cells expressing shEHD1-GFP, colocalization of L1-myc with EEA1 was significantly increased, indicating that L1-myc was delayed in exiting EEA1-positive compartments.
We showed previously that internalized NgCAM highly colocalized with NEEP21 and that downregulation of NEEP21 led to missorting of L1/NgCAM to the somatodendritic domain (Yap et al., 2008b) , suggesting that NgCAM traversed NEEP21-positive endosomes on its way to the axon. Therefore, we asked whether NgCAM still reached the NEEP21 compartment after EHD1 downregulation. To this end, we cotransfected neurons with NgCAM (red) and either shRandom-GFP or shEHD-GFP, performed anti-NgCAM antibody uptake for 20 min, washed out antibody, fixed cells without a chase, and stained endogenous NEEP21 (cyan). In cells expressing shRandom-GFP, colocalization of NEEP21 with internalized NgCAM was high, as expected at that time point. In cells expressing shEHD1, colocalization of NEEP21 with internalized NgCAM was significantly lower than in control cells (Fig. 7B, arrowheads, BЈ) , suggesting a delay of internalized NgCAM in reaching the NEEP21 compartment when EHD1 levels were decreased.
Finally, we investigated whether downregulation of EHD1 led to NgCAM missorting to lysosomes, as was the case for NEEP21 downregulation (Yap et al., 2008b) . We expressed NgCAM together with either shEHD1-GFP or shRandom-GFP and then performed anti-NgCAM antibody uptake for 20 min, washed out unbound antibody, and chased internalized NgCAM for 90 min (red). We fixed cells and labeled lysosomes with the lysosomal marker lgp120 (cyan). Colocalization of internalized NgCAM with the lysosomal marker was low in cells expressing shRandom or shEHD1 (Fig. 7C, arrowheads, CЈ) . Thus, downregulation of EHD1 did not lead to missorting of NgCAM to lysosomes. Therefore, the increased accumulation of NgCAM in somatodendritic endosomes that we observed after downregulation of EHD1 (Yap et al., 2010) was attributable to a delay of L1/NgCAM in traversing EHD1-EEA1-positive early endosomal compartments.
Discussion
Regulating which membrane proteins are present at what levels in which locations is a major task for neurons and necessary for modulating neuronal morphology and physiology. One of the major mechanisms of adjusting receptor levels and localization is by membrane trafficking through endosomes. Consequently, it is not surprising that a large number of neurological pathologies result from disturbances of membrane traffic (Aridor and Hannan, 2000) . The endosomal system in non-neuronal cells is relatively well understood; after endocytosis into early endosomes, receptors are either trafficked to the late endosome and then to the lysosome for degradation, or sorted to recycling endosomes from which they can return to the plasma membrane (Jović et al., 2010) . Recycling can also take place from the early endosome. Endosomes in neurons, conversely, are not well understood, nor are the functions of the proteins known to regulate endosomal transport in non-neuronal cells. We report here that in neurons, EHD1, a putative dynamin-like endosomal regulator, is important for proper trafficking of both axonally targeted L1/NgCAM and dendritically targeted transferrin. EHD1 is localized mainly to EEA1-positive early endosomes in neurons. We show that internalized L1/NgCAM exits EEA1 compartments more slowly and reaches NEEP21 compartments with a delay when EHD1 levels are decreased, suggesting that EHD1 functions in early endosomes in neurons, unlike in fibroblasts in which its functions have been localized to the recycling endosome. Interestingly, interference with EHD1 function by expressing an EHD1 dominant-negative construct also inhibits the recycling of synaptic AMPA receptors (Park et al., 2004) . In neurons [as in other cells (Gudmundsson et al., 2010) ], EHD1 is therefore important in trafficking of many different cargos and is likely to be involved in vital neuronal functions, such as axon outgrowth and pathfinding, as well as synaptic plasticity.
EHD1 endosomes are dynamic in neurons
Endosomes are highly dynamic (Rink et al., 2005; Lakadamyali et al., 2006; Zoncu et al., 2009) , and live imaging is necessary to understand their composition and function. Most of the live imaging studies of endosomal systems so far have been done in non-neuronal cells, and not much is known about the dynamic behavior of the neuronal endosomal system (Prekeris et al., 1999; Hoogenraad et al., 2010) . Even in non-neuronal cells, our understanding of the dynamic nature and regulation of the endosomal system is still emerging. The unique morphology of neurons enabled us to visualize and analyze trafficking processes that are difficult to look at even in non-neuronal cells: trafficking events occur along fairly linear tracks in dendrites and axons and can be easily quantified by kymographs.
Given the importance of EHD1 in neuronal function, we embarked on understanding its localization and behavior in neuronal cells. Live-cell imaging of GFP-EHD1 in non-neuronal cells showed GFP-EHD1 tubules with limited motility and smaller tubular and vesicular structures with more motility (Caplan et al., 2002) . Furthermore, fluorescence recovery after photobleaching experiments suggested that GFP-EHD1 could be recruited to the tubule from the cytosol and/or is delivered there by vesicular transport (Caplan et al., 2002) . Using live imaging, we observed that EHD1-positive endosomes in neurons are either stationary or motile and are rarely tubular. We also noticed EHD1-positive Fluorescence intensity change of single vesicle was reported when fluorescence intensity of either Cherry-EHD1 or GFP-EEA1 or both markers at the end of the 1 and 10 min time lapse was equal or more than 16% of the fluorescence intensity at the beginning of the time lapse. Numbers of vesicles in which EEA1 fluorescence was either constant or decreasing or increasing are shown in columns. Numbers of vesicles in which EHD1 fluorescence was constant, decreasing, or increasing are shown in rows (n ϭ 100). compartments producing transient tubules, as well as fusing and budding with each other. Presumably, motile carriers traffic between stationary compartments, either carrying cargo or endosomal regulators over long distances along dendrites in both retrograde and anterograde directions.
EHD1 in neurons is localized to multiple endosomal populations
In non-neuronal cells, EHD1 is localized to and acts at recycling endosomes. In some cell types, EHD1 colocalizes with both perinuclear, tubular, rab11-positive recycling endosomes and dispersed vesicular compartments, presumably early endosomes (Lin et al., 2001; George et al., 2007) . In other cells, colocalization with EEA1-positive early endosomes is not observed; rather EHD1 is found in the recycling endosome in which it colocalizes well with rab11 (Blume et al., 2007) or its effector rab11-FIP2 . However, in neurons, EHD1 highly localized to EEA1-positive early endosomes. One needs to be careful, therefore, in assuming that the endosomal system of neurons is identical to that of non-neuronal cells. Live imaging revealed that almost all EEA1-positive compartments, both stationary and motile, also contained EHD1. However, there was a pool of EHD1, especially in motile vesicles that did not contain EEA1. Some of these compartments contained the recycling endosomal marker rab11 or neuronal-specific early endosomal marker NEEP21. Interestingly, transferrin was frequently found in motile EHD1 carriers, whereas NgCAM only rarely was. This is consistent with previous studies of transferrin in non-neuronal cells (Sharma et al., 2009 ).
EHD1 and endosomal maturation
Part of the challenge for understanding the endosomal system is to define compartmental boundaries and cargo flux between compartments. Compartment identity is ensured by the specific localization of specific endosomal regulators. For instance, the early endosomal regulator EEA1, a rab5 effector, is localized to the cytoplasmic side of early endosomal compartments and is thought to be essential for fusion of early endosomes in nonneuronal cells Christoforidis et al., 1999) . One issue of long-standing controversy is the question of how constant or dynamic endosomal compartments are. Much evidence has accumulated to support a "maturation" model, in which earlier compartments in the pathway recruit successively new regulators, which change the compartment identity over time. Recently, live-cell imaging demonstrated that, in nonneuronal cells, the pre-early endosomal compartments mature into early endosomal compartments through the exchange of the pre-early endosomal regulator APPL1, to the early endosomal regulator EEA1 (Zoncu et al., 2009) . Similarly, an exchange from rab5 to rab7 occurs when early endosomes mature into late endosomes (Zerial and McBride, 2001; Rink et al., 2005) . Our live imaging established that, in dendrites, many of the compartments containing EEA1 and/or EHD1 are stable in space and time on the order of many minutes (Ͼ10 min). Rab11 compartments, in contrast, are mostly highly mobile and do not persist in time at the same location. Whether rab11 vesicles fuse with and bud from stationary EHD1 compartments requires additional experimentation. In addition to stable compartments, we also observed events suggestive of endosomal maturation. Intensity levels of EEA1 and EHD1 on stationary endosomes frequently changed in the course of minutes, suggesting recruitment and dissociation (or budding and fusion) of EHD1 and EEA1. Our observations suggest the model depicted in Figure 7D : EHD1 precedes EEA1 on early endosomes and persists on endosomes after EEA1 dissociates. We propose that EHD1-EEA1 doublepositive compartments mature into EEA1-negative, EHD1-positive endosomes. Other regulators might subsequently be recruited to affect change of endosomal fate. Significantly, EEA1 has a phosphatidyl-insotol-3-phosphate-binding FYVE domain , and the EH domain of EHD1 itself is capable of directly binding phosphoinositides (Naslavsky et al., 2007) , aiding recruitment to membranes. How the transient association of EHD1 with specific endosomal membranes is regulated is not understood.
EHD1 is important for trafficking of L1/NgCAM through EEA1-positive early endosomes
Finally, we showed that missorting of NgCAM to the somatodendritic membrane after downregulation of EHD1 occurs through the delay of L1/NgCAM exiting from EEA1-positive endosomes, suggesting that EHD1 acts at the EEA1-positive early endosomes in neurons (see model in Fig. 7D ). This observation differs from the observations made in non-neuronal cells in which EHD1 is primarily important for trafficking of cargo from recycling endosomes (Grant and Caplan, 2008) . Consistent with our findings in neurons, EHD1 might at least be transiently found in early endosomes in non-neuronal cells because depletion of the EHD1-binding paralog EHD4 leads to EHD1 retention in EEA1-containing early endosomes (Sharma et al., 2008) .
Interestingly, we also observed that, after downregulation of EHD1, there is a delay in the arrival of NgCAM in NEEP21 compartments. This observation suggested that NEEP21 compartments might be positioned later along the endosomal pathway than EEA1-EHD1-positive compartments (Steiner et al., 2002 (Steiner et al., , 2005 . These results suggested that delay of L1/NgCAM exiting EEA1-positive early compartments and delay in entering NEEP21-positive compartments led to local L1/NgCAM recycling to the somatodendritic membrane rather than transcytosis to the axon when EHD1 was downregulated. Clearly, precise trafficking through various stations of the endosomal system is tightly regulated. Therefore, it is not only important whether or not receptors are internalized but along which specific endosomal pathway they travel.
Multiple places of action for EHD1 in neurons EHD1 plays additional neuronal-and cargo-specific roles in endocytosis together with its close family member EHD4 (Yap et al., 2010) . We found previously that overexpression of EHD1 or EHD4 leads to decreased endocytosis of NgCAM but not of Tfn. Because EHD1 overexpression did not impair Tfn endocytosis or recycling 4 (Figure legend continued. ) L1/NgCAM (blue arrows) is endocytosed from the somatodendritic plasma membrane via an EHD1/EHD4-mediated pathway into EHD1-positive pre-early endosomal compartments (pre-EE) (green). These compartments then either mature or fuse into early endosomal (EE) compartments (yellow). The transition from pre-EE to EE is achieved through recruitment of EEA1 (yellow curved arrow) to EHD1 endosomal compartments. EHD1-EEA1-positive early endosomalcompartments(yellowwithgreenborder)caneitherloseEHD1(greencurvedarrow)orloseEEA1 (yellow curved arrow) and mature into EHD1-positive and/or NEEP21-positive endosomes (purple). L1/NgCAMissubsequentlytraffickedthroughNEEP21-positiveneuronalearlyendosomes(purple).It is also possible that some L1/NgCAM enters NEEP21 compartments directly without passing through EEA1 compartments. From the NEEP21 compartment, L1/NgCAM is transported toward the axon in currentlyundefinedendosomes(blue).DownregulationofEHD1(red)leadstodelayofL1/NgCAMexit fromEEA1-positivecompartmentsanddelayedentranceintoNEEP21-positivecompartments,which in turn increases missorting of L1/NgCAM to the somatodendritic surface (red arrow) and therefore impairs transcytosis of L1/NgCAM to the axon.
rates, we suggested that EHD1 homodimers might be responsible for Tfn recycling. Consistent with this idea, downregulation of EHD1 slows the recycling rate of Tfn. NgCAM recycling is also affected when EHD1 is downregulated. Because NgCAM endocytosed poorly when EHD1 was overexpressed, we could not determine whether NgCAM recycling was impaired by EHD1 overexpression (suggestive of EHD1-containing heterodimers) or was unimpaired (suggestive of EHD1 homodimers). NgCAM and Tfn behave similarly when EHD1 is downregulated, whereas they behaved strikingly different during overexpression. EHD dimers are therefore differentially involved in regulating NgCAM and Tfn endocytosis. The oligomeric partner for EHD1 in neuronal early endosomes is not known. EHD1 therefore has multiple sites of action in neurons, including the plasma membrane (in concert with EHD4), and the early endosome.
